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Contributed by Rino Rappuoli, May 12, 2006 

Meningitis and sepsis caused by serogroup B meningococcus are 
two severe diseases that still cause significant mortality. To date 
there is no universal vaccine that prevents these diseases. In this 
work, five antigens discovered by reverse vaccinology were ex- 
pressed in a form suitable for large-scale manufacturing and 
formulated with adjuvants suitable for human use. The vaccine 
adjuvanted by aluminum hydroxide induced bactericidal antibod- 
ies in mice against 78% of a panel of 85 meningococcal strains 
representative of the global population diversity. The strain cov- 
erage could be increased to 90% and above by the addition of CpG 
oligonucleotides or by using MF59 as adjuvant. The vaccine has the 
potential to conquer one of the most devastating diseases of 
childhood. 

meningococcus B | reverse vaccinology 

Neisseria meningitidis is an encapsulated, Gram-negative bac- 
terium that colonizes the upper respiratory tract of «=10% 
of humans. With a frequency of one to three cases per 100,000 
of the population, the bacterium enters the bloodstream, where 
it multiplies to high density and causes a form of sepsis charac- 
terized by the dramatic disruption of the endothelium and 
microvasculature. From the bloodstream the bacterium can cross 
the blood-brain barrier and cause meningitis. The invasive 
infection is very dramatic, affecting mostly infants, children, and 
adolescents who do not have bactericidal antibodies to the 
infecting strain. Within a few hours otherwise healthy subjects 
become severely sick, and, despite the sophistication of modern 
medicine and availability of effective antibiotics, 5-15% die, and 
up to 25% of the survivors have lifelong sequelae. During 
epidemics the frequency of disease increases to > 10/100,000 of 
the population and rises to as high as 400/100,000. Based on the 
chemical composition of the polysaccharide capsule, N. menin- 
gitidis strains can be classified into 13 different serogroups. 
Strains representative of five serogroups (A, B, C, Y, and W135) 
cause nearly all disease in humans (1, 2). 

Most of the strains isolated from invasive meningococcal 
disease have also been classified by multilocus enzyme electro- 
phoresis (3) into several hypervirulent lineages (electrophoretic 
types: ET37, ET5, cluster A4, lineage 3, and subgroups I, III, and 
IV- 1) or by multilocus sequence typing (4) into sequence type 
(ST) complexes (cpx) ST11, ST32, ST8, ST41/44, ST1, ST5, and 
ST4. 

N. meningitidis causes <*1.2 million cases per year globally, of 
which 3,000 occur in the United States and 7,000 occur in 
Europe, where the organism remains the most common cause of 
bacterial meningitis in children and young adults (5). Serogroup 
B meningococcus (MenB) is responsible for =32% of menin- 
gococcal disease reported in the United States, and from 45% to 
>80% of meningococcal disease reported in Europe (6, 7). 
Immunity against the disease can be acquired naturally or 
induced by vaccination and correlates with the presence of 



bactericidal antibodies, which kill the bacterium in the presence 
of complement (8). Tetravalent vaccines composed of the pu- 
rified capsular polysaccharides of serogroups A, C, Y, and W135 
have been available for three decades for use in adults. Conju- 
gate vaccines, effective in all age groups, were developed a 
decade ago (9). Large-scale vaccination against serogroup C 
meningococcus in the United Kingdom in the year 2000 showed 
that these vaccines are very safe and effective in eliminating the 
disease (10) and led to the licensure of tetravalent conjugate 
vaccines against serotypes A, C, Y, and W-135. Once universally 
deployed, these vaccines will likely eliminate forever the disease 
caused by strains with these serogroups. 

MenB differs from the others because it is decorated by a 
capsular polysaccharide identical to the polysialic acid [a(2-8) 
Af-acetylneuraminic acid] present in many human glycoproteins. 
This mimicry rules out the use of polysaccharide-protein con- 
jugate vaccines as an effective strategy to combat MenB disease. 
Therefore, currently there is no universal vaccine available 
against this bacterium. Protein-based vaccines composed of 
outer membrane vesicles (OMV) purified from the bacterium 
have been produced; however, they induce immunity mostly 
against the highly variable PorA membrane protein, and efficacy 
trials have shown serosubtype-specific protection (11). To de- 
velop a universal vaccine against MenB, a few years ago we 
determined the sequence of the genome of the bacterium and 
used it to discover novel antigens (12, 13). Thus, MenB became 
the prototype for the use of genomics for vaccine development, 
a process termed reverse vaccinology (14). 

Twenty-eight novel antigens that were able to induce antibod- 
ies with bactericidal activity (BCA) in mice when used for 
immunization using Freund's complete adjuvant (FCA) were 
identified. Some of the antigens had a high degree of sequence 
conservation using a historical panel of MenB strains and were 
recognized by sera of patients convalescent from meningococcal 
disease (15, 16). Detailed studies on some of the most promising 
antigens confirmed that some of these antigens were good 
candidates for a universal vaccine (16, 17), whereas others turned 
out to be less interesting. For instance, GNA33 was found to be 
a mimotope of PorA and thus unlikely to be useful as a vaccine 
because of serosubtype specificity (18). 

However, although the in vitro antibody data obtained in mice 
immunized with the individual antigens in FCA were encour- 
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Fig. 1. FACS analysis of W. meningitidis strains using sera prepared against vaccine antigens, (a) Binding of polyclonal antiserum raised against the individual 
antigens GNA2132, GNA1030, GNA2091, GNA1870, and NadA(leftto right) to live encapsulated MenB strains NZ98/254 (first row), 2996 (second row), and MC58 
(third row). The fourth row contains the MC58 knockout mutants (KO) of each antigen probed with the homologous antiserum. Red profiles represent the 
negative control (preimmune sera). White profiles show reaction with immune sera, (b and c) Binding of polyclonal antibodies against fusion proteins (b) and 
5VCMB vaccine (c). First row, NZ98/254 (B:4:P1 .4), ST cpx 41/44, ET lin.3, nadA~. Second row, 2996 (B:2b:P1 .5,2), ST cpx 8, ET A4. Third row, MC58 (B:1 5:P1 .7, 1 6b), 
ST cpx 32, ET ET5. 



aging, it was not clear whether the responses were sufficient for 
the development of a vaccine suitable for human use and able to 
induce universal protection against recent, genetically diverse, 
and epidemiologically relevant clinical isolates. 

Results 

Antigen Selection. The antigens selected by reverse vaccinology 
were prioritized based on their ability to induce broad pro- 
tection as inferred by BCA or observed in passive protection 
in the infant rat or mouse protection assays (19, 20). The three 
top antigens that met the prioritization criteria were GNA2132 
(21), GNA1870 (16, 22, 23), and NadA (17, 24). Two additional 
antigens, GNA1030 and GNA2091 (13), were selected because 
they also induced protective immunity but only in some of the 
assays. FACS analysis (Fig. la) showed that the sera obtained 
from mice immunized with each of the five antigens formu- 
lated with aluminum hydroxide stained the surface of one or 
more of the MenB strains NZ98/254, 2996, and MC58, which 
were selected as representative of the most common patterns 
observed among a variety of different strains. The serum 
against GNA1030, which appears only slightly positive in the 
figure, showed positive binding to 2996 when the serum used 
had been obtained by immunizing with complete FCA instead 
of aluminum (data not shown). The figure also shows that none 
of the antisera prepared against the individual antigens stained 
all of the strains well. To confirm the specificity of the analysis, 
none of the sera stained the MC58 knockout mutants where 
the corresponding gene had been deleted (Fig. la, MC58 KO). 
Binding activity observed in FACS paralleled antibody func- 
tional activity observed in the BCA assay (Table 1). The 
presence of BCA was tested in sera obtained by immunizing 
mice with each of the antigens formulated with aluminum 
hydroxide or FCA (Table 1). With the exception of GNA2091, 
which, although unable to induce BCA, had been selected for 
its ability to induce protection in the mouse protection assay 
(19, 20) (data not shown), each of the other individual antigens 
induced BCA against one or more of the three strains. The 
proteins GNA2132, GNA1030, and GNA1870 induced better 
titers when formulated with FCA than when formulated with 
aluminum. In the case of NadA, the two adjuvants gave a 
similar titer. 

Although the five antigens had been selected based on their 
individual behavior, none of them induced protective antibody 



responses that were sufficiently broad enough to cover all strains 
tested. 

A Combination of Antigens to Develop an Effective Serogroup B 
Vaccine. Given that vaccines containing several antigens have 
been shown to confer better protection than those containing 
only one or two antigens (25), we combined the five antigens 
into one multicomponent vaccine, trusting that this would 
increase the breadth of the vaccine coverage and avoid selec- 
tion of escape mutants. To facilitate large-scale industrial 
manufacturing of the vaccine, four of the five antigens were 
expressed as fusion proteins. Among >30 protein-protein 
fusions generated, the most promising were the combinations 
of GNA2132 with GNA1030 and of GNA2091 with GNA1870. 
NadA did not perform well when fused to other proteins, 
probably because of the loss of the trimeric organization (data 
not shown) (24, 26). The two fusion proteins formulated with 
aluminum hydroxide induced immune responses in both FACS 
(Fig. lb) and BCA assays (Table 1) that were generally more 
potent than those induced by the individual antigens. Twenty 
micrograms of each of the two fusion proteins and of the NadA 
antigen was adsorbed to aluminum hydroxide to make the 

Table 1. Bactericidal activity of mice polyclonal antibodies 



Immunogens 


FCA 


AI(OH) 3 


FCA 


AI(OH) 3 


FCA 


Al(OH) 3 


Antigens 














GNA2132 


16,384* 


512 


16,384 


1,024 


16,384 


512 


GNA1030 


<4 


<4 


2,048 


<4 


<4 


8 


GNA2091 


<4 


<4 


<4 


<4 


<4 


<4 


GNA1870 


65,536 


16,384 


64 


<4 


16,384 


64 


NadA 


512 


1,024 


4,096 


4,096 


<4 


<4 


Fusions 














GNA2132-1030 


n.d. 


2,048 


n.d. 


2,048 


n.d. 


4,096 


GNA2091-1870 


n.d. 


32,768 


n.d. 


<4 


n.d. 


1,024 


Vaccine 














5CVMB 


65,536 


32,768 


8,192 


4,096 


16,384 


4,096 


♦Bactericidal titers 


were expressed as 


the reciprocal of the serun 


dilution 



yelding £50% bactericidal killing, n.d., not determined. 
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Fig. 2. ImmunoGold labeling and transmission electron microscopy. Analysis 
of BZ83 strain was performed with antisera raised against vaccine antigens: 
anti-GNA2132 (a), anti-GNA1870 (b), anti-NadA (c), and anti-5CVMB (cO vac- 
cine, (e) Anti-PorA staining of strain MC58 performed by using a mAb raised 
against PorA 1.7. (f) Representative control showing anti-NadA staining of 
strain BZ83 mutant knockout for the nadA gene (BZ83ANadA). Similar results 
were obtained when knockout strains in gna2132 and gna1870 genes were 
analyzed with the corresponding antisera (data not shown). (Scale bars: 



e formulation that was used in subsequent studies. We 
named the multicomponent vaccine 5CVMB (5 component 
vaccine against MenB). In FACS analysis (Fig. lc) the anti- 
bodies obtained by immunizing with this vaccine stained the 
three representative MenB strains very well. Similarly, the 
antibodies had BCA titers against each of the three strains, 
ranging from 4,096 to 32,768 (Table 1). The respective titers 
were only slightly lower than those obtained by immunizing 
with FCA, which is the most potent adjuvant known for mouse 
immunization but is unsuitable for human use. 

The potency of the multicomponent vaccine was also dem- 
onstrated by ImmunoGold staining of the bacterial surface 
using the three vaccine antigens that elicited the best BCA 
titers (Table 1). The antibodies against GNA2132, GNA1870, 
and NadA stained the surface of MenB strain BZ83 with 
different density (Fig. 2a-c). However, the staining performed 
with antisera raised against the vaccine (Fig. 2d) greatly 
increased the density of gold particles to a level that was 
comparable to the one obtained using antibodies against MC58 
PorA (Fig. 2e), which is known to confer protection in humans. 

Coverage of the MenB Population Diversity. To properly test 
whether the 5CVMB vaccine formulation was able to induce 
protection against the majority of the MenB strains, we assem- 
bled and characterized a very large collection of clinical isolates 
representing as closely as possible the global population diver- 
sity. In total, 214 N. meningitidis strains were collected: 56 from 
the U.S. and Canada, 44 from the United Kingdom, 98 from 
other European countries, 2 from New Zealand, 6 from Aus- 

Table 2. Characteristics of 85 N. meningitidis strains used for 
bactericidal assays 

Year of isolation 



Hypervirulent clusters Before 1980 


1980-1995 


1996-2002 


Total 


ST32 cpx (ET5) 1 


4 


6 


11 


ST41/44cpx (lineage 3) 0 


5 


16 


21 


ST8 cpx (A4) 1 


2 


4 


7 


ST11 cpx(ET37) 2 






17 


Others* 3 


8 


18 


29 


Total 7 


23 


55 


85 



at do not belong to any of the hypervirulent clusters have been 



tralia, and 8 from other regions of the world. The collection 
contained mostly recent clinical isolates, although a minority of 
older laboratory strains were included to bridge the data to those 
generated in the past with well known strains. Eighty-five of the 
214 strains were found to be suitable for BCA assays using 
several batches of baby rabbit complement. The main properties 
of the 85 strains are reported (Table 2). Four meningococcal 
hypervirulent clusters, ST32 cpx or ET5, ST41/44 cpx or lineage 
3, ST8 cpx or cluster A4, and ST11 cpx or ET37, represent 56 of 
85 (65.9%) of the total strains; 29 of 85 (34.1%) of the strains 
represent emerging lineages of pathogenic strains that were 
classified as "others" because they do not belong to any known 
hypervirulent cluster. 

The sera obtained by immunizing mice with the 5CVMB 
vaccine formulated with aluminum hydroxide were tested in a 
bactericidal assay against this panel of 85 strains. We found 
that 66 of 85 (77.7%) of the strains tested were killed at serum 
dilutions >1/128 (Fig. 3a). This threshold titer correlates with 
a positive result using human complement (27). Killing of 
*=78% of the strains by a meningococcal B vaccine is very 
encouraging, especially when compared with the 17 of 85 
strains (20%) and with the 18 of 85 strains (21.2%) killed by 
the OMV vaccines made from the Norwegian strain H44/76 
(Fig. 3a, center column) and the New Zealand strain NZ98/ 
254 (Fig. 3a, right column), which represent the best vaccines 
available so far. 

A closer observation of the strains covered showed that the Nw 
vaccine induced BCA titers >8,000 against all 9 strains with 
PorA P1.16, identical to that of the vaccine strain, titers of 512 
or lower against 8 strains carrying a different PorA, and no BCA 
against the remaining 68 strains. Similarly, the Nz vaccine 
induced high BCA titers against the 11 strains with PorA P1.4 
identical to the vaccine strain, low BCA titers against 7 strains 
with different PorA, and no BCA against the remaining 67 
strains. The poor coverage of strains and hypervirulent lineages 
provided by OMV vaccines (Fig. 3b) validates the fragmentary 
observations obtained so far in preclinical and clinical studies 
showing that OMV vaccines induce immunity that is mostly 
PorA-specific. 

In marked contrast to the OMV vaccines, and as expected 
from the antigen composition, the 5CVMB vaccine induced 
broader protection that was not serosubtype-specific and cov- 
ered most of the population diversity. The protection induced by 
5CVMB formulated with aluminum (Fig. 3b) was complete 
(100%) against all strains of the panel from the hypervirulent cpx 
ST32 and ST8, almost complete (95%) against the hypervirulent 
cpx ST41/44, and substantial against strains of hypervirulent 
cluster ST11 and those classified as others (65% and 59%, 
respectively). A subset of strains, for which human complement 
could be used for the bactericidal assay, was killed by the 
vaccine-induced antibodies in the presence of human comple- 
ment. For instance, the BCA titers obtained against MenB 
strains MC58, 2996, and NZ98/254 were 1,024, 128, and 64, 
respectively. 

To investigate whether the coverage of the 5CVMB vaccine 
could be increased, mice were immunized with the same 
vaccine antigens but adjuvanted by aluminum hydroxide com- 
bined with CpG oligonucleotides (28, 29). The results showed 
that the strain coverage increased to 91.7% (Fig. 3c). We also 
tested the vaccine using an oil-in-water emulsion, MF59, which 
is licensed for human use in Europe, as adjuvant (30). The 
presence of the MF59 increased the coverage to 94.1% (Fig. 
3c). Interestingly, when FCA was used as adjuvant, coverage by 
BCA reached 97.6% (Fig. 3c). The addition of CpG to 5CVMB 
with aluminum hydroxide or the use of MF59 or FCA (Fig. 3d) 
significantly increased the coverage of strains belonging to the 
ST11 cluster and of those classified as others. These data show 
that in mice the antigens included in the vaccine can induce 
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Fig. 3. Protective effect of 5CVMB vaccine. The analysis has been performed by testing the immune sera for BCA against 85 W. meningitidis strains using baby 
rabbit serumas complement source (16). Resultsare expressed as the percentage of strains killed with titers 2=128. (aandb)Cornparison of strain coverage induced 
by 5CVMB, OMVNw, and OMVNz vaccines (a) and the respective vaccine coverage of the 85 strains grouped into hypervirulent clusters (b). (c and d) Strain 
coverage induced by different formulations of 5CVMB vaccine (with aluminum hydroxide, aluminum hydroxide plus CpG 1826, MF59, or FCA) (c) and the 
respective vaccine coverage of hypervirulent clusters (d). 



immunity against nearly all MenB strains when the immune 
response is optimized. The increased strain coverage could be 
due to the ability of the adjuvants to induce a higher immune 
response or to influence antigen conformation by exposing 
additional epitopes to the immune system. Further work will 
be needed to address this issue. In humans, the immune 
response can be optimized by the addition of CpG, by using 
MF59, or with a booster dose after primary immunization. 

All animals treated with different formulations of 5CVMB 
vaccine were healthy throughout the experiments, based on daily 
observations, and no overt toxicity was observed. 

To confirm that the antisera obtained were able to confer 
protection in vivo, representative sera from mice immunized 
with 5CVMB were also used for passive immunization of infant 
rats, which were subsequently challenged i:p. with MenB strain 
2996. In two experiments where the animals were challenged 
with 6 X 10 4 and 5 X 10 3 virulent bacteria, respectively (Table 
3), all infant rats that had received PBS as negative control 
developed a bacteremia after 18 h. In contrast, no bacteria were 
recovered from the blood of rats that had been passively 
immunized. 



We have described a universal vaccine against MenB, a bacte- 
rium that causes a disease against which conventional vaccinol- 



ogy has been ineffective and that still kills many young people in 
both developed and developing countries. The vaccine, devel- 
oped by using novel antigens identified by reverse vaccinology, 
covers 78% of the strains in the basic formulation using alumi- 
num hydroxide as adjuvant, and coverage can be increased to 
>95% of the strains by using other adjuvants. The progress 
compared with vaccines available so far is gigantic; in fact, OMV 
vaccines, which are the best vaccines against MenB developed 
during the last 30 years, are shown to cover only 20% of the 
MenB strains. 

The work also shows that universal protein-based vaccines 
can be developed against those encapsulated bacteria that are 
usually targeted by conjugate vaccines. This finding should 
foster research on reverse vaccinology to identify protein- 
based vaccines for other pathogens, such as pneumococcus, 
where there are too many serotypes of capsular polysaccha- 
rides to make conjugate vaccines capable of protecting against 
all strains, against Staphylococcus, group A Streptococcus, and 
other microorganisms. 

Although protein-based vaccines have also been described for 
group B Streptococcus (31) and other pathogens, so far most of 
the data in the literature were obtained by using vaccines 
formulated with adjuvants unsuitable for human use, such as 
FCA, and usually tested against a limited number of bacterial 
strains, so that the coverage of the population diversity could not 



Table 3. Passive protection in the infant rat meningococcal bacteremia model 

Serum dilution or 



2996 




dose of mAb, jxg, 




CFU/ml 


Exp. (challenged CFU) 


Treatment 


per rat 


No. positive/total 


(geometric mean) 


1 63,000 


Anti-PorA(PI.2) mAb 


2 


0/3 


<1 




Anti-5CVMB mouse serum 


1:5 


0/3 


<1 






1:20 


0/3 


<1 




Anti-5CVMB rabbit serum 


1:5 


0/3 








1:20 


0/3 


5 




PBS control 




3/3 


146,590 


2 5,000 


Anti-PorA(PI.2) mAb 


1 


0/4 






Anti-5CVMB mouse serum 


1:10 


0/4 


<1 






1:50 


0/4 


<1 




Anti-5CVMB rabbit serum 


1:10 


0/4 


<1 






1:50 


0/4 


<1 




PBS control 




4/4 


8,250 



CFU, colony-forming unit. 
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be totally predicted. Therefore, the question of whether protein- 
based vaccines against encapsulated bacteria are feasible for use 
in humans was still pending. In this study we have used the 
antigens derived from the genome mining of MenB, and we have 
asked the critical questions necessary for extending their large- 
scale use to humans. To do so, we expressed them in a system 
suitable for industrial manufacturing; we formulated them with 
an adjuvant suitable for human use, such as aluminum hydrox- 
ide, and we tested the immune response against an unusually 
large panel of strains enriched with recent clinical isolates and 
designed to represent as much as possible the true diversity of the 
bacterial population. 

If the results reported here are confirmed in clinical trials, 
this vaccine is likely to conquer one of the most devastating 
diseases that still cause morbidity and mortality in children and 
adolescents. 

Materials and Methods 

Cloning Expression and Purification of Vaccine Components. Single 
recombinant proteins were expressed and purified as previously 
described (13, 16, 17). Genes considered in this study were from 
the genome of N. meningitidis NZ98/254 strain in the case of 
GNA2132, MC58 strain in the case of GNA1870, and 2996 strain 
in the case of GNA1030, GNA2091, and NadA. 

All of the proteins present in the multicomponent vaccine 
5CVMV were produced in Escherichia coli devoid of the pre- 
dicted leader peptide using the pET24b+ as expression vector 
and E. coli BL21 (DE3) as expression host. NadA corresponds 
to the NadAA35i_405 recombinant form (17). 

To generate the fusion GNA2132-1030, the gna2132 gene 
was amplified by PCR from the NZ98/254 strain by using the 
following oligonucleotides: 2132 forward ( CGCGGATC- 
CGCTAGC -CCCGATGTTAAATCGGC) and 2132 reverse 
(CGGGGATCC-ATCCTGCTCTTTTTTGCCGG) contain- 
ing the Nhel and BamHI restriction sites, respectively (restric- 
tion sites are underlined); the gnal030 gene was amplified 
from the 2996 strain by using 1030 forward ( CGCGGATC- 
CGGTGGTGGTGGT-GCCACCTACAAAGTGGAC) and 
1030 reverse (CCCGCTCGAG-TTATTGTTTGGCTGC- 
CTCGAT) oligonucleotides, which include the BamHI and 
Xhol restriction sites, respectively. A polyglycines linker was 
added between the two proteins of the fusion inserting the 
corresponding DNA sequence as tail in the sequence of the 
primer forward. The insertion of Nhel and BamHI sites results 
in alanine-serine or glycine-serine additional amino acids, 
respectively. 

Amplified DNA fragments were digested with Nhel/BamHI 
and with BamHI/XhoI enzymes and cloned in pET24b+ vector 
digested with Nhel/Xhol. 

To create the fusion GNA2091-1870, the gna2091 gene was 
amplified from the 2996 strain by using the oligonucleotides 2091 
forward ( CGCGGATCCCATATG -GTCAGCGCAGTA- 
ATCGGA) and 2091 reverse (CGGGGATCC-GCGTTG- 
GACGTAGTTTTG) containing the Ndel and BamHI restric- 
tion sites, respectively; the gna 1870 gene was amplified from the 
MC58 strain by using 1870 forward ( CGCGGATCC - 
GGAGGGGGTGGTGTCG) and 1870 reverse ( CCCGCTC- 
GAG -TTATTGCTTGGCGGCAAG) oligonucleotides, includ- 
ing the BamHI and Xhol restriction sites, respectively. 

Amplified DNA fragments were digested with Ndel/Xhol and 
BamHI/XhoI enzymes and cloned in pET24b+ vector digested 
with Ndel/Xhol. 

The recombinant proteins were expressed in E. coli and 
purified by standard methods (32). 

Mouse Immunizations. To prepare antisera, 20 ju,g of individual 

antigens GNA2132, GNA1030, GNA2091, GNA1870, NadA, 
GNA2132-1030, and GNA2091-1870 or a combination of 20 



jig each of GNA2132-1030, GNA2091-1870, and NadA was 
used to immunize 6-week-old CD1 female mice (Charles River 
Breeding Laboratories). Five to 10 mice per group were used. 
The antigens were administered i.p. together with aluminum 
hydroxide (3 mg/ml) on days 0, 21, and 35. The same immu- 
nization schedule was performed with different adjuvants such 
as CpG 1826 plus aluminum hydroxide, MF59, or FCA. Blood 
samples for analysis were taken on day 49. To prepare antisera 
against OMV preparation (from H44/76 strain for NW and 
NZ98/254 strain for NZ), 10 jug of each adsorbed to aluminum 
hydroxide was used. The same immunization schedule was 
used to immunize New Zealand White rabbits. The rabbits 
were injected in several lymph nodes with 5CVMB vaccine (25 
pig of each antigen). The treatments were performed in 
accordance with internal animal ethical committee and insti- 
tutional guidelines. 

FACS Analysis. The analysis was determined by using a FACScan 
flow cytometer as described previously (16). Polyclonal sera 
were tested at a 1/200 dilution. Antibody binding was detected 
by using a secondary anti-mouse (whole molecule) FITC- 
conjugated (Sigma) antibody. 

Immunoelectron Microscopy. Whole-cell, negative-stain, Immu- 
noGold labeling was performed by using a modified procedure 
described by Fletcher et al. (22). Briefly, N. meningitidis 
serogroup B strains cells were fixed for 60 min at room 
temperature in 4% paraformaldehyde plus 0.05% glutaralde- 
hyde in PBS (pH 7.2). After fixation, droplets of cells were 
placed on Formvar carbon-coated grids (Agar Scientific) for 5 
min. Excess fluid was wicked off, and blocking was accom- 
plished in two stages by using PBS plus 1% BSA for 5 min and, 
later, PBS containing 1% coldwater fish gelatin (Fluka) for 10 
min. Excess aldehyde was quenched by using 0.02 M glycine in 
PBS for 5 min. Grids were inverted over polyclonal antibodies 
or mAbs (diluted in PBS plus 1% BSA) for 60 min in a 
humidified chamber. Grids were rinsed five times for 1 min in 
PBS plus 1% BSA. Antigen was detected by incubation for 60 
min with goat anti-mouse IgG plus IgM conjugated to 10-nm 
colloidal gold beads (BB International, Cardiff, U.K.) diluted 
in PBS-BSA. Rinsing took place in PBS (four times for 1 min). 
Grids with cells were stabilized with 1% glutaraldehyde in 
PBS. Each sample was then rinsed five times in distilled 
water. Grids were finally treated with uranyl acetate and 
examined by a TEM GEOL 1200EX II transmission electron 
microscope. 

Serum Bactericidal Assay. Serum BCA against N. meningitidis 
strains was evaluated as previously described (23). The comple- 
ment source was pooled baby rabbit sera (Cedarlane Laborato- 
ries or Pel-Freez Biologicals) or human serum from a healthy 
adult with no detectable intrinsic bactericidal activity. 

Infant Rat Protection Assay. The ability of anti-5CVMB to confer 
protection against N. meningitidis bacteremia was evaluated as 
previously described in infant rats challenged i.p. (33). Bac- 
teria numbers in the blood cultures were obtained by plating 
out onto chocolate agar 100 /xl of blood collected 18 h after 
challenge. 
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